Microtubule-based transport of mitochondria into dendrites and axons is vital for sustaining neuronal function. Transport along microtubule tracks proceeds in a series of plus and minus end-directed movements that are facilitated by kinesin and dynein motors. How the opposing movements are controlled to achieve effective transport over large distances remains unclear. Previous studies showed that the conserved mitochondrial GTPase Miro is required for mitochondrial transport into axons and dendrites and serves as a Ca 2ϩ sensor that controls mitochondrial mobility. To directly examine Miro's significance for kinesin-and/or dynein-mediated mitochondrial motility, we live-imaged movements of GFP-tagged mitochondria in larval Drosophila motor axons upon genetic manipulations of Miro. Loss of Drosophila Miro (dMiro) reduced the effectiveness of both anterograde and retrograde mitochondrial transport by selectively impairing kinesin-or dynein-mediated movements, depending on the direction of net transport. Net anterogradely transported mitochondria exhibited reduced kinesin-but normal dynein-mediated movements. Net retrogradely transported mitochondria exhibited much shorter dynein-mediated movements, whereas kinesin-mediated movements were minimally affected. In both cases, the duration of short stationary phases increased proportionally. Overexpression (OE) of dMiro also impaired the effectiveness of mitochondrial transport. Finally, loss and OE of dMiro altered the length of mitochondria in axons through a mechanistically separate pathway. We suggest that dMiro promotes effective antero-and retrograde mitochondrial transport by extending the processivity of kinesin and dynein motors according to a mitochondrion's programmed direction of transport.
Introduction
Supplying dendrites and axons with mitochondria is vital for sustaining synaptic function (Li et al., 2004; Guo et al., 2005; Verstreken et al., 2005; Kann and Kovács, 2007; Mattson, 2007; Kang et al., 2008) . Mitochondrial transport to synapses depends on microtubules (MTs) in axons and dendrites. MT-based mitochondrial transport displays saltatory bidirectional movement, where moving mitochondria frequently stop, start, and change direction. This bidirectional motility is facilitated by MT plus end-directed kinesin and minus end-directed dynein motors, but how the opposing motor movements are controlled remains unclear. Since both motors are apparently attached to mitochondria at all times, achieving effective net transport must require control mechanisms that favor motor movements in the programmed direction of transport, either antero-or retrograde. Accordingly, movement in one direction can only occur if one motor overpowers the other through a "tug-of-war" scenario. Alternatively, the activities of both motors may be coordinated such that only one motor is active and the processivity (e.g., how long an attached motor can travel along a microtubules track) of the active motor is high (Hollenbeck, 1996; Gross, 2003; Vale, 2003; Mallik and Gross, 2004; Welte, 2004; Hollenbeck and Saxton, 2005; Gross et al., 2007) .
The evolutionary conserved mitochondrial GTPase Miro is characterized by the presence of two GTPase domains, two Ca 2ϩ binding domains, and a C-terminal transmembrane domain that tail-anchors Miro in the outer mitochondrial membrane (Fransson et al., 2003; Frederick et al., 2004; Guo et al., 2005; Frederick and Shaw, 2007) . Loss of Miro in yeast disrupts the tubular mitochondrial network and reduces mitochondrial inheritance (Frederick et al., 2004 (Frederick et al., , 2008 . Mutations in mammalian and Drosophila Miro cause abnormal mitochondrial distributions in all examined cells and impair mitochondrial transport into axons and dendrites of neurons (Fransson et al., 2003 (Fransson et al., , 2006 Guo et al., 2005) . Miro binds the adaptor protein Milton/GRIF1/OIP106 to form a complex with the kinesin subunit KIF5 (Stowers et al., 2002; Fransson et al., 2006; Glater et al., 2006; MacAskill et al., 2009a) . Miro also binds directly to KIF5 in a Ca 2ϩ -dependent manner (MacAskill et al., 2009b sensor controlling mitochondrial mobility (Saotome et al., 2008; MacAskill et al., 2009b; Wang and Schwarz, 2009) . Whereas these findings underline a critical and pleiotrophic role of Miro in mitochondrial transport, it remained unclear how Miro affects kinesin-mediated movements and whether it is required for dynein-mediated movements.
To directly address how Miro facilitates effective mitochondrial transport, we analyzed the kinetics of mitochondrial movements in Drosophila motor axons during genetic manipulations of dMiro. Our findings significantly extend the current model of dMiro function, suggesting that is not simply a membrane anchor for kinesin motors but required for selectively extending the duration of kinesin-mediated movements during net anterograde mitochondrial transport and dynein-mediated movements during net retrograde transport.
Materials and Methods
Fly stocks. Flies were raised on standard medium with dry yeast at 25°C unless otherwise stated. The strain w 1118 , P[wϩ; UAS::mito-GFP] (mitoGFP) expressing green fluorescent protein (GFP) tagged by an N-terminal mitochondrial localization signal was obtained from W. Saxton (Indiana University, Bloomington, IN). To express mitoGFP and dMiro, we used the enhancer trap strain w 1118 ; P [wϩ, OK6::Gal4] , which drives expression in motor neurons and some interneurons of the ventral ganglia, salivary glands, wing discs, and a subset of tracheal branches (Aberle et al., 2002) . The dmiro null alleles B682 and SD32 are null alleles truncating dMiro in the first GTPase domain at position 105 and 89, respectively (Guo et al., 2005) . The transgenic line OE-10 (P[wϩ, UAS::dMiro-RM]) expresses an untagged dMiro cDNA as described by Guo et al. (2005) . The following genotypes were examined: control: w 1118 ; P [wϩ, Generation of myc-tagged dMiro transgenes. dMiro cDNA (RE) was sequentially PCR-amplified to replace the original ATG start codon with a consensus Kozak sequence followed by a N-terminal myc tag (primer1: 5Ј-ATCTCTGAAGAAGATCTGGGACAGTACACGGCGTCG-3Ј; primer 2: 5Ј-ATGGAGCAGAAACTCATCTCTGAAGAAGATCTG-3Ј; primer 3: 5Ј-AATTAATGCGGCCGCACCATGGAGCAGAAACTCATC-3Ј). The PCR fragment was then sub-cloned into a pCR2.1-TOPO vector. After confirming the DNA sequence by DNA sequencing, the myc-tagged cDNA was subcloned into a pUAST P element vector and transgenic strains containing P were generated as described (Song et al., 2002) .
Immunostainings. Dissected third instar larvae were fixed with 3.5% paraformaldehyde for 1 h at room temperature (RT), washed twice with PBT (PBS, pH 7.4 containing 0.2% Triton X-100) for 10 min, blocked with PBT containing 1% BSA and 5% normal goat serum (PBTB) for 30 min, incubated with primary antibody in PBTB overnight at 4°C, washed with PBT, incubated with secondary antibody in PBTB for 1-2 h at RT, and washed three times with PBT for 10 min. Antibodies and their dilutions: mouse-anti-Myc 1:100 (Invitrogen); goat anti-HRP Cy3-conjugated 1:500 (Jackson Laboratories); rabbit anti-GFP Alexa488-conjugated 1:500 (Invitrogen).
Time lapse imaging of mitochondria. Mitochondria in motor neurons of dissected climbing third larvae were imaged as described previously (Louie et al., 2008) . The dissected preparation was submersed in HL-6 solution (containing 7 mM L-glutamate and 0.6 mM CaCl 2 ) and viewed with an upright Olympus microscope BX50WI equipped with a confocal laser scanner (FluoView300) and a 60ϫ water-immersion objective (LUMPLANFL; numerical aperture, 0.9). Larvae were orientated such that the ventral ganglion (VG) appeared on the right of the acquired image and segmental nerves were aligned horizontally across the image. The 488 nm excitation line of the multiargon laser (Mellet Griot, 150 mW) was attenuated to 2-4% of its maximum power, with all other lasers at 0%. Fluorescence emission was monitored through a low-pass optical filter with a cutoff at 510 nM (BA510IF, Olympus). The pinhole was fully opened to allow maximum "focal depth." Images of 1024 ϫ 280 pixels (58.868 ϫ 16.065 m) were acquired from individual segmental nerves just next to the ventral ganglion. A centered 872 ϫ 278 pixel (50 ϫ 16 m) region of interest (ROI) was photobleached for 180 s, such that the bleached area was always flanked by nonbleached stationary mitoGFP-positive signals. Immediately after bleaching, 200 images were acquired at a rate of one frame per 1.006 s (zoom factor 2ϫ), and saved as 8-bit multitiff files. Time-lapse images were acquired only from one nerve per animal within 30 min of dissection.
Visualization and analysis of stationary mitochondria. Motile and stationary mitochondria in larval motor axons were visualized by merging two differently pseudo-colored images taken at time 0 (green) and time (red). This labeled stationary mitochondria in yellow and motile mitochondria in red or green. Green signals indicated mitochondria that were present at this position at time 0 but moved away during the indicated time interval. Threshold of movement was a displacement of approximately the size of an individual mitochondrion (2 m). The density of motile mitochondria (green) and stationary mitochondrial clusters (yellow) was determined by counting the total number of yellow signals and normalizing it to the examined area of the nerve. In dmiro null mutants, individual immobile mitochondria were distinguished from stationary mitochondrial clusters by the intensity of their normalized mitoGFP fluorescence, using a cutoff of 65 AFU (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Tracking of mitochondrial movements. Movements of mitochondria into or through the photobleached ROI were tracked by using NIH ImageJ imaging software (Abramoff et al., 2004; Louie et al., 2008) and the plug-in MTrackJ (Meijering, E., University Medical Center of Rotterdam, Netherlands; http://www.imagescience.org/meijering/software/mtrackj/). The displacement of a mitochondrion from one frame to the next was converted from pixels to real distances by calibrating the x-y axes of the analyzed images in MTtrackJ. Up to 12 clearly labeled, motile mitochondria were tracked per animal as long as each remained visible in consecutive frames for no Ͻ60 frames. In addition, at least one stationary mitochondrial cluster flanking the bleached ROI was tracked for normalization.
The obtained x-y-t tracking coordinates of mitochondrial movements were analyzed with Excel-based software as described earlier (Louie et al., 2008) . Briefly, x-y tracking coordinates of motile mitochondria were normalized to reduce the influence of movement artifacts. Mitochondrial movement was modeled as a three-state system consisting of plus end-directed runs, minus end-directed runs, and stops. The start of a run was defined by a minimal displacement of 0.151 m/s and the end of a run by a minimal displacement of 0.12 m/s. After identifying runs and stops, mitochondrial tracks were sorted into two classes: mitochondria showing net anterograde movement (AM) or net retrograde movement (RM). The following motility parameters were calculated: duration, distance, and velocity of plus end-directed and minus end-directed trips and runs, duration and frequency of stops, frequency of reversals in direction, velocity of net transport (total net distance during entire tracking time), and the percentage of time allocated to trips and runs (duty cycles).
Statistical analysis. Track data of individual mitochondria from one segmental nerve were averaged for each animal and then averaged for all animals of the same genotype. The obtained averages were analyzed for statistical significance by one-or two-way ANOVA testing using Prism software (Graphpad Software, 2007) . N and n indicate number of animals and mitochondria, respectively. p values of Ͻ0.05, Ͻ0.01, and Ͻ0.001 were indicated with one, two, and three asterisks (*), respectively.
Results
Lack and OE of dMiro reduce (but do not abolish) the amount of motile mitochondria and stationary mitochondrial clusters in Drosophila motor axons To better understand the role of dMiro for mitochondrial transport, we live-imaged the movements of GFP-tagged mitochondria (mitoGFP) in motor axons of larval Drosophila nerves dur-ing loss and overexpression (OE) of dMiro protein. Since axonal microtubules of these motor neurons exhibit a uniform plus endout orientation (Stone et al., 2008) , and because mitochondria were labeled only in motor neurons but not in glial cells and sensory neurons of the segmental nerve, plus end-directed kinesin-driven movements can be unambiguously distinguished from minus end-directed dynein-driven movements (Pilling et al., 2006; Louie et al., 2008) .
To selectively express mitoGFP and dMiro (for OE and rescue) in motor neurons, we used the Gal4/UAS system (Brand and Perrimon, 1993) driving transgenic expression with the Gal4-driver Ok6 (Aberle et al., 2002) . MitoGFP fluorescence strongly labeled mitochondria in motor neurons, axons, and neuromuscular junctions (NMJs) of control ( Fig. 1 A, B) . Consistent with earlier findings (Guo et al., 2005) , mitochondria were largely absent from distal motor axons (data not shown) and NMJs of dmiro null mutants (dmiro SD32/B682 ) ( Fig. 1 A, B) , although 1 out of 5 animals showed 1-3 mitochondria at a NMJ. However, dmiro null mutant motor axons did contain mitochondria in close proximity to the ventral ganglion, although their numbers were much reduced (Fig. 2 A, C,D) .
Typically, less than ϳ40% of mitochondria are motile in control fly motor axons; the majority of mitochondria tend to cluster at functionally undefined sites for Ͼ180 s (Louie et al., 2008) . Heterozygous dmiro null mutant axons showed a significant reduction in the amount of motile (displaced by Ͼ2 m during 60 s) mitochondria ( p Ͻ 0.5) (Fig. 2C ) but a normal density of stationary mitochondrial clusters (Fig. 2 D) , suggesting that mitochondrial motility is highly sensitive to dMiro protein levels. In homozygous dmiro null mutants, the amount of motile mitochondria was significantly reduced to Ͻ4% of control ( p Ͻ 0.001) (Fig. 2 A, C) In contrast to control, dmiro null mutant axons exhibited many mitochondria that were stationary but not clustered, as judged by their size and mitoGFP fluorescence (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). This made it necessary to distinguish between individual stationary mitochondria that likely could not move (ϳ40%) and stationary mitochondria that were clustered. After removing individual stationary mitochondria (see Materials and Methods), the number of stationary mitochondrial clusters was significantly reduced in dmiro nulls to 15% of control ( p Ͻ 0.001) (Fig. 2 D) .
Expression of normal dMiro protein in homozygous dmiro null mutants restored the amount of motile mitochondria to a level (80 Ϯ 3.5%) that was statistically indistinguishable from control ( p Ͼ 0.05) (Fig. 2C) . However, the number of stationary mitochondrial clusters was only partially restored to a level that was significantly smaller than control ( p Ͻ 0.05) (Fig. 2 D) . OE of dMiro in otherwise wildtype animals significantly reduced the amount of motile mitochondria and the number of stationary mitochondrial clusters in motor axons ( p Ͻ 0.001) ( Fig.  2 A, C,D), tentatively indicating that OE of dMiro may have dominant-negative effects.
The size of stationary mitochondrial clusters was not significantly altered in heterozygous and homozygous dmiro null mutants but was increased during expression of normal dMiro protein in dmiro mutants and wild type ( p Ͻ 0.01) (Fig. 2 E) . After normalizing for cluster size, mitoGFP fluorescence was significantly reduced in all examined dmiro genotypes ( p Ͻ 0.001) (Fig.  2 F) , suggesting that even slight alterations in dMiro protein levels affect the amount of mitochondria clustering at functionally undefined sites in motor axons.
Lack and OE of dMiro reduce the rate of net antero-and retrograde mitochondrial transport
Despite the few motile mitochondria in dmiro null mutant motor axons (only 42 out of 72 imaged nerves/animals showed motile mitochondria; supplemental Movie 1, available at www.jneurosci. org as supplemental material), it was nevertheless feasible to analyze the dynamics of mitochondrial transport with one caveat: since the high density of mitochondria in control axons significantly obscured a precise tracking over large distances (supplemental Movie 2, available at www.jneurosci.org as supplemental material), it was necessary to photobleach a 50-m-long region of interest before acquiring time-lapse images (Fig. 2B , supplemental Movie 3, available at www.jneurosci.org as supplemental material). However, photobleaching was not a feasible strategy in null mutants (Fig. 2B , supplemental Movie 4, available at www.jneurosci.org as supplemental material) since the rate (flux) of antero-and retrograde mitochondrial transport measured just proximal to the ventral ganglion was reduced by Ͼ98% ( p Ͻ 0.001) (Fig. 3E,F) . Even in the best cases, peak values of anterograde flux reached only 0.6 mitochondria/min in dmiro nulls, whereas control showed a mean value of 8.9 Ϯ 0.3 min
Ϫ1
. Both antero-and retrograde fluxes were partially restored by the expression of normal dMiro protein in dmiro null mutant axons (Fig. 3E,F ). Like loss of dMiro, OE of dMiro also significantly decreased antero-and retrograde mitochondrial flux to 51 Ϯ 4% and 32 Ϯ 3% of control, respectively ( p Ͻ 0.01) (Fig. 3E,F) .
Since both the lack and OE of dMiro protein impaired mitochondrial flux as well as the amount of mitochondria in motor axons, it was unclear whether the partial rescue of mitochondrial flux in dmiro null mutants was attributable to either abnormally high or abnormally low levels of dMiro protein. To distinguish between these possibilities, we examined whether lowering of transgenic dMiro protein expression in null mutant motor neurons may improve the rescue of phenotypes. Lower temperature is known to reduce expression levels of the used Gal4/ UAS system since the yeast transcription factor Gal4 is temperature-sensitive (Duffy, 2002) . Therefore, we compared the degree of rescuing mitochondrial flux in dmiro null mutants at 25°C (standard) (Fig. 3E,F ) and 20°C. The difference in temperature did not significantly affect the rescue of anterograde mitochondrial flux. However, the rescue of retrograde mitochondrial flux was significantly better at 20°C ( p Ͻ 0.05; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). This suggests that the incomplete rescue of dmiro null phenotypes at 25°C is likely attributable to an artificially high expression level of dMiro induced by the OK6 promoter driving Gal4.
Mitochondrial flux was sensitive to the gene doses of dMiro. In heterozygous dmiro null mutants, anterograde and retrograde mitochondrial flux were significantly reduced to 82.5 Ϯ 2.1% and 64.1 Ϯ 4.3% of control, respectively ( p Ͻ 0.001) (Fig. 3 E, F ) . Together with the distribution of mitochondria to stationary clusters (Fig. 2 F) , these were the only examined mutant phenotypes that were sensitive to gene doses and only partially rescued after reintroduction of normal dMiro protein (see below). This suggests that mitochondrial flux and distribution in axons are not only determined by transport kinetics but also by other factors. Accordingly, the mechanisms underlying these phenotypes may be to some degree independent of the below-examined role of dMiro controlling plus and minus end-directed mitochondrial movements. , dmiro null mutants expressing normal dMiro protein (C), and during OE of dMiro (D). For comparison, the start of individual tracks was set to zero. Plus end-directed (upward) and minus end-directedmovements(runs,downward)aredefinedbygainingpositiveornegativedistancevalues,respectively.Notethatnetantero-(upward) and retrogradely (downward) transported mitochondria exhibited a mix of plus and minus end-directed runs that were separatedbypausesorreversalsindirection.Withafewnotableexceptions,dmironullmutantmitochondriagainedlittlenetdistanceineither direction.E,F,Averageanterograde(E)andretrogrademitochondrialflux(F)inproximalmotoraxonsofcontrol,heterozygousdmironull mutants(NullϪ/ϩ),homozygousdmironullmutants(NullϪ/Ϫ),homozygousdmironullmutantsduringexpressionofnormaldMiro protein (Rescue), and during dMiro overexpression (OE-10). Significant differences between control and mutant genotypes as well as between Null and rescue are indicated by asterisks ( p Ͻ 0.001; N Ͼ 22, one-way ANOVA). G, H, Average net velocity of net AM (G) and netRMmitochondria(H).GenotypesandsignificantdifferencesareindicatedasinE,F( pϽ0.001;NϾ19;one-wayANOVA).Errorbars represent SEM.
Loss of dMiro reduces the net velocity of antero-and retrograde mitochondrial transport
Bidirectional movements of mitochondria are regulated by a largely unknown programming mechanism that partitions axonal mitochondria into two distinct classes: anterograde-moving (AM) and retrograde-moving (RM) mitochondria (Morris and Hollenbeck, 1993; Hollenbeck, 1996) . Earlier studies suggested that directional programming of AM and RM mitochondria is strong in larval motor axons of Drosophila (Pilling et al., 2006; Louie et al., 2008) . Consistently, we never observed a wild-type mitochondrion change its direction of net transport (n ϭ 320) ( Fig. 3A; supplemental Movies 2-3, available at www.jneurosci.org as supplemental material).
AM and RM mitochondria of control typically gained a net distance of 30 -40 m within 3 min (Fig. 3A) . However, the majority of dmiro null mutant mitochondria gained Ͻ20 m (Fig. 3B) . Accordingly, net velocities of null mutant AM and RM mitochondria were significantly reduced to 47 Ϯ 7% and 47 Ϯ 11% of control, respectively ( p Ͻ 0.001) (Fig. 3G,H ) . Notably, the net velocity of RM mitochondria was still higher than that of AM mitochondria, such that the ratio of anteroand retrograde net velocities in dmiro nulls was normal (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). Expression of normal Miro protein in dmiro nulls fully restored normal antero-and retrograde net velocities ( p Ͼ 0.05) (Fig. 3G,H ) , confirming that the observed defects are entirely caused by the loss of dMiro protein. Heterozygous null mutants showed no effect on AM and RM net velocities (Fig. 3G,H ) . These findings provided the first evidence that dMiro may control aspects of both anterograde and retrograde mitochondrial transport.
Loss of dMiro reduces the time spent moving in the programmed direction of transport Mitochondrial transport consists of alternating plus and minus end-directed movements that are often separated by brief stops. For our analysis, we followed commonly used definitions (Hollenbeck, 1996; Welte et al., 1998; Smith and Simmons, 2001; Maly, 2002; Welte, 2004) . We defined a "run" as a period of uninterrupted plus or minus end-directed motor movement. In contrast, a "trip" is defined as a sequence of several runs in the same direction that are briefly interrupted by stops. The "duty cycle of runs" describes the percentage of time that AM and RM mitochondria allocate to stops, plus, and minus enddirected runs (Morris and Hollenbeck, 1993) , whereas the "duty cycle of trips" describes the time allocation to plus and minus end-directed trips.
Duty cycles provide an estimate of directional programming by illustrating the bias of mitochondria toward motor movements for one direction. In control, AM mitochondria allocated 91 Ϯ 1% of their time to plus end-directed trips but only 9 Ϯ 1% to minus end-directed trips. This time allocation was essentially reversed for RM mitochondria (Fig. 4 A, B available at www.jneurosci.org as supplemental material). This bias of control AM and RM mitochondria was less pronounced in dmiro null mutants (Fig. 4 A, B) . Specifically, the time mutant AM mitochondria spent on plus end-directed trips was significantly reduced by 18%, whereas the time spent on minus end-directed trips increased ( p Ͻ 0.001) (Fig. 4 A) . Similarly, the time mutant RM mitochondria spent on minus end-directed trips was significantly reduced by 10%, whereas the time spent on plus enddirected trips increased ( p Ͻ 0.001) (Fig. 4 B) . All defects in the trip duty cycle were restored by expression of normal dMiro protein ( p Ͼ 0.05) (Fig. 4 A, B) . Although dmiro null mutations significantly altered the balance between plus and minus enddirected trips, the observed changes appeared too small to explain the reduced net velocity for both AM and RM mitochondria.
The nature of the transport defect in dmiro nulls became more apparent after analyzing the duty cycle of runs, which illustrates the time that mitochondria allocate to runs in each direction and to brief stops. In control, AM mitochondria spent ϳ63% of their time on plus end-directed runs, 5% on minus end-directed runs, and 32% stationary (Fig. 4C) . For RM mitochondria, this time allocation was essentially reversed for plus and minus enddirected runs, whereas the time spent stationary remained the same (Fig. 4 D) . Loss of dMiro severely disrupted this status quo.
In comparison to control, the time dmiro mutant AM mitochondria allocated to plus end-directed runs was significantly reduced by 53 Ϯ 4%, whereas the time allocated to stops doubled ( p Ͻ 0.001) (Fig. 4C) . However, the time mutant AM mitochondria allocated to minus end-directed runs was normal ( p Ͼ 0.05). In contrast, the time RM mitochondria allocated to minus enddirected runs was reduced by 54 Ϯ 8% ( p Ͻ 0.001), whereas the time allocated to plus end-directed runs was not significantly altered ( p Ͼ 0.05) and the time spent stationary doubled ( p Ͻ 0.001) (Fig. 4 D) . All defects were restored by expression of normal dMiro protein in null mutant motor neurons ( p Ͼ 0.05) (Fig. 4 A-D) . Heterozygous dmiro null mutants exhibited a normal run duty cycle (Fig. 4C,D) .
The defects in the run duty cycle suggest that dMiro selectively regulates both plus and minus end-directed motor activities in the context of the programmed direction of transport. Since this action primarily increases the time spent on a particular motor activity by reducing the time spent stationary, these findings indicate that dMiro may control how long an attached motor can move along a MT track. In contrast, these findings do not support the possibility that dMiro coordinates motor activities by switching one motor "on" and the opposing motor "off", especially because the frequency of reversals in the direction of runs was not significantly affected ( p Ͼ 0.05) (Fig. 4G-H ) .
Loss of dMiro shortens plus end-directed movements during anterograde transport
To understand how dMiro might establish the bias of mitochondria toward motor movements in the programmed direction of transport, we analyzed the effects of dmiro null mutations on mitochondrial trip and run kinetics. AM mitochondria of control typically exhibit long plus end-directed trips driving movement in the programmed net direction, and short minus end-directed trips that are opposite to the net direction ( Fig. 5A-F ; supplemental Table 2 , available at www.jneurosci.org as supplemental material). Loss of dMiro significantly shortened the distance of plus end-directed trips to 52 Ϯ 11% of control ( p Ͻ 0.001) (Fig.  5A) , whereas their duration was not significantly altered ( p Ͼ 0.05) (Fig. 5B) . Hence, this indicates that motor movements for plus end-directed trips are likely shorter and/or stationary phases between movements are longer. Minus end-directed trips opposite to the programmed direction were affected differently, such that they exhibited a 2-3-fold increase in their duration ( p Ͻ 0.01) (Fig. 5E ) but no significant change in their distance ( p Ͼ 0.05) (Fig. 5D) , suggesting that the underlying motor movements are either longer or separated by longer stop periods.
Analysis of individual runs and stop periods substantiated that dMiro promotes plus end-directed motor movements of AM mitochondria. Control exhibited long plus end-directed runs and short minus end-directed runs by AM mitochondria (Fig.  5G-L; supplemental Table 3 , available at www.jneurosci.org as supplemental material). Lack of dMiro significantly reduced the distance and duration of the dominating plus end-directed runs by 41% ( p Ͻ 0.001) (Fig. 5G-H ) , whereas minus end-directed runs exhibited a normal distance and duration ( p Ͼ 0.05) (Fig.  5J-K ) . The reduced duration of plus end-directed runs was inversely correlated to a threefold increase in the duration of stops by AM mitochondria ( p Ͻ 0.001) (Fig. 7 A, C) . Heterozygous dmiro null mutants exhibited normal run kinetics of AM mitochondria (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Since all defects in trip and run kinetics of AM mitochondria of homozygous dmiro null mutants were rescued by expression of normal dMiro protein ( p Ͼ 0.05) (Figs. 5, 7A-C), these findings suggest dMiro selectively increases the duration of plus end-directed kinesin motor movements during anterograde mitochondrial transport by reducing the time spent in short stationary phases.
Loss of dMiro shortens minus end-directed movements during retrograde transport
Normal RM mitochondria exhibit long minus end-directed trips and runs, whereas plus end-directed trips and runs are severalfold shorter ( Fig. 6 ; supplemental Tables 2-3, available at www. jneurosci.org as supplemental material). Lack of dMiro significantly reduced the distance but not duration of the typically dominating minus end-directed trips to 63 Ϯ 21% of control ( p Ͻ 0.001) (Fig. 6 A, B) . The duration of plus end-directed trips significantly increased ( p Ͼ 0.05) (Fig. 6E) . The velocity of both plus and minus end-directed trips was slightly but significantly reduced ( p Ͻ 0.01) (Fig. 6C,F) .
Consistent with effects on trip kinetics, lack of dMiro significantly reduced the distance and duration of minus end-directed runs of RM mitochondria by ϳ41% ( p Ͻ 0.001) (Fig. 6G-H ) . Plus end-directed runs were also impaired but to a much lesser degree since their distance and duration were only reduced by 27 Ϯ 5% and 15 Ϯ 5%, respectively ( p Ͻ 0.01) (Fig. 6 J-K ) . Technically, the mutant effect on minus end-directed runs had a much larger impact on the effectiveness of retrograde transport because minus end-directed runs were ϳ2.1 m shorter, whereas plus end-directed runs were only ϳ0.1 m shorter (supplemental Table 3 , available at www.jneurosci.org as supplemental material). The velocity of both plus and minus end-directed runs by RM mitochondria was slightly but significantly reduced ( p Ͻ 0.01) (Fig. 6 I, L) . The reduced duration of minus end-directed runs inversely correlated with a 3.5-fold increase in the duration of stop periods ( p Ͻ 0.001) (Fig. 7 B, D) . In heterozygous dmiro null mutants, run kinetics of RM mitochondria were normal (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). All deficits in trips and runs of dmiro null mutants were fully rescued ( p Ͼ 0.05) (Figs. 5-6 ). Together, these findings suggest that dMiro selectively increases the duration of minus end-directed motor movements during retrograde mito- chondrial transport by reducing the time spent in short stationary phases.
In conclusion, our findings consistently suggest that dMiro primarily promotes the duration and distance of motor movements by plus end-directed kinesin motors during anterograde mitochondrial transport and minus end-directed dynein motors during retrograde transport (Figs. 5-6 ). However, this conclusion depends on a proper classification of AM and RM mitochondria, which has been a concern for RM mitochondria of dmiro null mutants. AM and RM mitochondria are primarily classified by the net direction of their movements but are also distinguished by their different net velocities, motor time allocations, and motor kinetics (Pilling et al., 2006; Louie et al., 2008) . Based on these criteria, several lines of evidence confirmed a reliable classification: First, even the worst performing AM and RM dmiro null mutant mitochondria still showed a recognizable bias in their time allocation to one motor (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material), although most of these mitochondria showed a net displacement of Ͻ2-3 m (Fig.  3B) . Second, RM mitochondria typically exhibit a higher net velocity than AM mitochondria. Despite a severe reduction in dmiro nulls, this feature was still preserved since the ratio of AM and RM net velocities was indistinguishable from control (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). Third, plus end-directed runs by control AM mitochondria are typically much longer than plus end-directed runs by RM mitochondria (Figs. 5-6 ). The same is true for minus end-directed runs, which are much longer for RM mitochondria than for AM mitochondria (Figs. 5-6 ). However, even the worst performing dmiro null mutant mitochondria retained this feature typical of AM or RM mitochondria (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). Together, these findings suggest that loss of dMiro impairs but does not abolish directional programming of mitochondrial transport in axons.
Effects of dMiro overexpression on mitochondrial transport OE of dMiro protein in an otherwise wild-type control background significantly reduced the flux of antero-and retrograde mitochondrial transport and the distribution of mitochondria in axons (Fig. 3 E, F ) . The nature of this negative effect is not clear but may be attributable to a titration of factors that are associated with dMiro, including the Milton-KIF5 complex (Fransson et al., 2006; Glater et al., 2006; Louie et al., 2008) . This and subsequent effects of dMiro OE were confirmed by at least one independently derived transgenic strain (data not shown).
Although dMiro OE did not significantly reduce net velocities of antero-and retrograde transport ( p Ͼ 0.05, N Ͼ 18) ( Fig.  3G-H ) , it significantly reduced the time AM mitochondria spent on plus end-directed trips by increasing the time spent on minus end-directed trips to 165 Ϯ 14% of control ( p Ͻ 0.05) (Fig. 4 A) . However, dMiro OE had no effect on the time allocation of trips by RM mitochondria ( p Ͼ 0.05) (Fig. 4 B) . In addition, OE had no significant effects on the time allocation of runs and the frequency and duration of stops ( p Ͼ 0.05) (Figs. 4C-F, 7A-D) .
dMiro OE significantly reduced the distance and duration, but not velocities, of plus end-directed trips of AM mitochondria to 49 Ϯ 4% and 56 Ϯ 7%, respectively ( p Ͻ 0.01) (Fig. 5A-C) . Minus end-directed trips of AM mitochondria were normal (Fig.  5D-F ) . Consistently, dMiro OE significantly reduced the duration of plus end-directed runs ( p Ͻ 0.05) (Fig. 5H ) , whereas the reduction in run distance was statistically not significant ( p Ͼ 0.05) (Fig. 5G) . The velocity of plus end-directed run was normal (Fig. 5I ) . The distance, duration, and velocity of minus enddirected runs opposite to direction of net transport were normal (Fig. 5J-L) .
For RM mitochondria, dMiro OE significantly reduced the distance of minus end-directed trips to 66 Ϯ 9% of control ( p Ͻ 0.05) (Fig. 6 A) . The reduced duration of minus end-directed trips was statistically not significant ( p Ͻ 0.05) (Fig. 6 B) and the velocity was normal (Fig. 6C) . Minus end-directed trips of RM mitochondria were normal (Fig. 6 D-F ) . Consistent with the effects on trips, dMiro OE significantly reduced the duration of minus end-directed runs by RM mitochondria ( p Ͻ 0.05) (Fig.  6 H) but not run distance and velocity ( p Ͼ 0.05) (Fig. 6G,I ). Kinetics of plus end-directed runs by RM mitochondria runs were normal during dMiro OE (Fig. 6 J-L) .
Although the effects of null mutations were more pronounced, loss and OE of dMiro had similar negative effects on antero-and retrograde transport, strengthening the notion that dMiro is required for both modes of transport. There was, however, one critical difference: in contrast to dmiro null mutations, dMiro OE significantly increased the frequency of reversals in the direction of movement for AM and RM mitochondria to 167 Ϯ 21% and 141 Ϯ 18% of control, respectively ( p Ͻ 0.001) (Fig.  4G-H ) , whereas the duration of short stationary phases remained normal (Fig. 7) . Importantly, this suggests that the effects of OE on trip and run kinetics were entirely caused by the increased rate of reversals, which was not the case for dmiro null mutations where the effects on trips inversely correlated with an increase in the duration of stops. Consequently, the dominant-negative effect of dMiro OE on transport is likely reflecting a titration of unknown factors but not a loss or gain of dMiro activity. The effect of dMiro OE on mitochondrial transport in Drosophila motor neurons is different from that of overexpressing mammalian Miro1 in neuronal cultures, which increases the amount mitochondria being transported into neuronal processes (MacAskill et al., 2009a,b; Wang and Schwarz, 2009) . The cause of this difference is not known but could be attributable to expression levels or species-specific differences.
Mutations in dMiro affect mitochondrial length
To control for potential effects of dMiro on the size of transported mitochondria, we analyzed their length in larval motor axons (Fig. 8 A) . Control AM mitochondria exhibited a mean length of 1.3 Ϯ 0.1 m, whereas RM mitochondria were a little shorter, averaging 1.2 Ϯ 0.1 m. The difference in mean length of AM and RM control mitochondria was not significant ( p Ͼ 0.5) (Fig. 8 B-F ) . However, the average length of AM and RM mitochondria in dmiro null mutant axons was significantly reduced by 59 Ϯ 6% to 0.6 Ϯ 0.1 m and by 64 Ϯ 4% to 0.4 Ϯ 0.1 m of control, respectively ( p Ͻ 0.001) (Fig. 8 B-E) . Motile null mutant mitochondria were on average shorter than immobile ones, but this difference was statistically indistinguishable ( p Ͼ 0.05). The length defect was restored by expression of normal dMiro protein in dmiro null mutant motor neurons (Fig. 8 B-E) .
OE of dMiro in an otherwise wildtype background significantly increased the average length of AM mitochondria to Ͼ130 Ϯ 6% of control ( p Ͻ 0.01) (Fig. 8 B-F ) . Interestingly, the increase in length of RM mitochondria was much less pronounced and not significant ( p Ͼ 0.05). Consequently, the size of AM and RM mitochondria was significantly different during dMiro OE ( p Ͻ 0.01) (Fig. 8 F) . This phenomenon was not observed in control and dmiro null mutants, although a trend was indicated ( p Ͼ 0.05) (Fig. 8 F) .
It seemed possible that the observed alterations in mitochondrial size could have been caused by a homeostatic mechanism compensating for a potentially slower transport of normal-sized mitochondria. To investigate this possibility, we compared the transport characteristics of normal and elongated mitochondria during dMiro OE. We used 2.4 m as the threshold since 95% of control mitochondria were shorter (n ϭ 558). Upon dMiro OE, antero-and retrograde net velocities of normal-sized and elongated mitochondria were similar ( p Ͼ 0.05) (Fig. 8G-H ) . Most surprisingly, run kinetics of normal and elongated AM and RM mitochondria were essentially indistinguishable (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material), suggesting that changes in mitochondrial length have little effect on mitochondrial transport kinetics. Since the effects of dmiro null mutations and dMiro OE on mitochondrial transport and length do not correlate, we suggest that dMiro may modulate the machineries of mitochondrial transport and fusion or fission through mechanistically separate pathways. 
Discussion dMiro executes directional programming of mitochondrial transport
Effective net antero-and retrograde transport of bidirectionally moving mitochondria is achieved by a directional program that favors one motor activity over the other (Morris and Hollenbeck, 1993) . The nature of this mechanism is poorly understood but likely requires coordination of motor activities ensuring that when plus end-directed motors (kinesin) are active, minus enddirected motors (dynein) are not, and vice versa (Gross, 2003; Welte, 2004; Hollenbeck and Saxton, 2005) . Evidence supporting the existence of motor coordination comes from several transport systems (Brady et al., 1990; Waterman-Storer et al., 1995; Stenoien and Brady, 1997; Waterman-Storer et al., 1997; Martin et al., 1999; Valetti et al., 1999; Deacon et al., 2003) .
Bidirectional motility may be coordinated by an interaction between KIF5 and dynein that is mediated through dynein intermediate chain 1 and kinesin light chains (Ligon et al., 2004) . In addition, the dynactin complex, specifically the subunit p150
Glued , has been implicated in coordinating bidirectional transport of vesicles by preventing opposing force production (Martin et al., 1999; Gross et al., 2002 Gross et al., , 2003 Deacon et al., 2003) . Genetic interactions between Drosophila KIF5, dynein, and dynactin mutations support interactions among all three proteins, and loss of Drosophila dynein heavy chain activity reduces the velocity of kinesin movements (Martin et al., 1999; Pilling et al., 2006) . However, loss of p150
Glued enhanced, rather than reduced, kinesin and dynein movements (Pilling et al., 2006) . Hence, the molecular nature of motor coordination remains unclear.
In addition to motor coordination, effective transport of bidirectionally moving cargo also requires control over the processivity of motors (Welte et al., 1998; Suomalainen et al., 1999; Gross et al., 2000 Gross et al., , 2002 Rodionov et al., 2003) . It is unclear whether the mechanisms controlling motor coordination and processivity act hierarchically or in parallel, but it is likely that their actions are coordinated. Loss of control over either motor coordination or processivity should impair the bias for one motor movement, although in different ways: impairing the activity of a coordinated on/off switch essentially causes a "tug-of-war" where the more powerful motor dictates the main direction of transport. Accordingly, it is expected that changes in the activity of one motor are inversely correlated to changes in the activity of the opposing motor. In contrast, impairing a mechanism that controls motor processivity is expected to alter only the properties of the targeted motor, which is the motor that directs movement in the programmed direction of net transport. Hence, it is expected that this motor will lose its dominance, which then increases the time allocated to stationary phases but not to movements in the opposite direction.
Loss of dMiro mirrored the expected effects during loss of control over motor processivity, as it predominantly reduced the distance and duration of movements in the main direction of net transport and increased the duration of stops accordingly. Hence, we suggest that dMiro selectively promotes the processivity of the motor that facilitates movement in the programmed direction of transport.
Potential mechanisms of dMiro signaling
We suggest that dMiro ensures effective mitochondrial transport by selectively promoting either kinesin-or dynein-mediated movements during a signal that confers the direction of net transport. This role requires control over both motors but also integration of signals that activate mitochondria for either anterograde or retrograde transport. Little is currently known about such potentially long-range signals but they could include NGF, phosphatidylinositols, PKC, and signals on the functional state of mitochondria (Chada and Hollenbeck, 2003; De Vos et al., 2003; Chada and Hollenbeck, 2004; Miller and Sheetz, 2004; Morfini et al., 2007; Kang et al., 2008) .
How Miro achieves control over the processivity of kinesin and dynein motors remains to be seen but could be facilitated by its known interactions with KIF5 and Milton (Stowers et al., 2002; Fransson et al., 2006; Glater et al., 2006; MacAskill et al., 2009a,b) . Ca 2ϩ binding by Miro's EF-hands disrupts binding of Miro1 to KIF5, inhibiting antero-and retrograde transport of mitochondria (Saotome et al., 2008; MacAskill et al., 2009b; Wang and Schwarz, 2009 ). Accordingly, Miro could increase the processivity of kinesin-mediated movements through a direct interaction with KIF5 in the absence of Ca 2ϩ . Alternatively, Miro may control the processivity of kinesin and potentially dynein motors through its interaction with Milton/GRIF1/OIP106.
Initially, it has been suggested that Milton/GRIF1/OIP106 and Miro form an adaptor complex that couples KIF5 to mitochondria (Fransson et al., 2006; Glater et al., 2006; MacAskill et al., 2009a) , but the recent finding that mammalian Miro1 binds directly to KIF5 challenges this view (MacAskill et al., 2009b) . Our findings do not exclude the possibility that Miro/Milton couple mitochondria to kinesin motors. However, dMiro is clearly not the only membrane anchor for kinesin since its loss did not abolish kinesin movements. Instead, lack of dMiro only impaired the processivity (duration and distance) of either kinesin-or dyneinmediated mitochondrial movements depending on the direction of net transport. Hence, dMiro plays a more complex role than that of a membrane anchor. The same may not be the case for Milton since it binds to mitochondria not only through Miro but also through a second unknown mitochondrial protein (Glater et al., 2006) . Accordingly, Milton may couple KIF5 to mitochondria through protein X and act as a scaffolding protein for Miro's actions upregulating the processivity of kinesin and dynein movements.
Consistent with a "bidirectional" role of Milton is the finding that Milton is required for dynein movements during the formation of the "mitochondrial cloud" in fly oocytes (Cox and Spradling, 2006) . Mechanistically, the nonkinesin-associated Milton isoform (Glater et al., 2006) may promote these dynein movements in cooperation with Miro. Evidence that specific Milton/ GRIF1/OIP106 isoforms directly bind to dynein subunits is lacking, although the HAP-1 domain, which differs between Milton isoforms, has been predicted to mediate interactions with dynactin (Li et al., 1998) . Interestingly, dynactin increases the processivity of dynein-driven movements in vitro King and Schroer, 2000) . However, loss of the dynactin subunit p150
Glued enhanced kinesin-and dynein-driven movements of mitochondria in Drosophila motor axons (Pilling et al., 2006) . Alternatively, Miro's direct or indirect interactions with KIF5 could alter the known interaction of KIF5 with dynein (Ligon et al., 2004) , achieving control over the processivity of the dynein motor, and vice versa.
Miro's influence on mitochondrial fusion and fission
Mitochondrial fusion and fission are critical for maintaining a functional population of mitochondria. They control the shape, length, and number of mitochondria and allow the exchange of lipids and proteins (Detmer and Chan, 2007; Twig et al., 2008a) . Fusion and fission may be critical for a quality control mechanism that governs mitochondrial turnover, since repetitive rounds of selective fusion and fission segregate severely dysfunctional mitochondria and target them for autophagy (Twig et al., 2008b) . Especially in neurons, abnormal fusion and fission often leads to abnormal intracellular distributions of mitochondria and may underlie a number of neurodegenerative diseases (Li et al., 2004; Verstreken et al., 2005; Chan, 2006; Chen et al., 2007; Detmer and Chan, 2007) .
The phenotypic effects of loss and OE of dMiro on the length of mitochondria suggest a role for dMiro in mitochondrial fusion or fission, consistent with phenotypic effects of mutations in yeast and human Miro (Frederick et al., 2004 (Frederick et al., , 2008 Fransson et al., 2006) . However, Miro is unlikely directly involved in fusion or fission since mitochondria in yeast null mutants are competent of fusion and fission per se (Frederick et al., 2004 (Frederick et al., , 2008 . For several reasons, the mitochondrial transport defects of dmiro mutants are unlikely caused by abnormal mitochondrial fusion or fission and vice versa: First, phenotypic effects during loss and OE of dMiro on mitochondrial transport and length did not correlate with each other. Second, mitochondrial length did not influence transport kinetics of mitochondria during dMiro OE. Third, the effects on mitochondrial length were not a consequence of a homeostatic mechanism that compensates for deficits in mitochondrial transport. Therefore, it is likely that dMiro modulates mitochondrial transport and fusion or fission through mechanistically separate pathways.
The selective effect of dMiro OE on the length of AM but not RM mitochondria indicates that dMiro may be part of a mechanism that coordinates fusion or fission events with transport. In principle, such a link should be biologically relevant. Since repeatedly occurring fusion and fission events seem to ensure mitochondrial health (Twig et al., 2008b) , an "aging" mitochondrion in need of fusion is expected to actively approach other mitochondria, whereas two freshly separated mitochondria may have a need for being actively transported away from each other. Supporting anecdotal evidence for a need of coordinating mitochondrial fission and trafficking comes from the recent finding that reducing mitochondrial size by fission is presumably important before actin-based mitochondrial trafficking into dendritic spines can occur (Sung et al., 2008) . In analogy, dMiro could be part of a similar mechanism coordinating fission and/or fusion of mitochondria with MT-based transport.
